ABSTRACT Treatment of polyoma virus-infected fibroblasts from mouse embryos and virus-infected 3T3 cells with physiological concentrations of the glucocorticoids enhances plaque formation at least 10-fold. The data suggest that this effect results from an increased rate of virus production. Steroid specificity studies indicate that the cytoplasmic receptors that mediate the physiological actions of these hormones are also involved in the present effect.
Adrenal steroids regulate developmental and metabolic processes in several vertebrate tissues. The fact that tumor virus function is strongly influenced by host-cell factors led us to investigate whether certain of these factors might be hormonal. The present studies, undertaken to examine the effects of the glucocorticoids on polyoma virus replication, show that physiological concentrations of these hormones promote a large increase in virus production both by primary mouseembryo fibroblasts and by mouse 3T3 cells.
MATERIALS AND METHODS
Cells were grown in modified Eagle's medium supplemented with 10% calf serum. Whole minced embryos of white Swiss random-bred mice were used as a source of mouse-embryo fibroblasts. The established mouse cell line, 3T3, was obtained from the American Type Culture Collection. Polyoma virus (large plaque) was kindly supplied by Dr. W. Eckhard. The virus was diluted in Eagles medium-1% bovine-serum albumin. The plaque assay of polyoma virus was performed in 53-mm petri plates according to Winocour and Sachs (1, 2) with Eagle's medium-10% horse serum used for the mouseembryo fibroblasts and Eagle's medium-2.5% calf serum used for the 3T3 cells. The plaques were counted daily, starting when they first became visible. Each value presented was calculated from the number of plaques on five separate plates. Stock solutions of dexamethasone, cortisol, progesterone (all from Sigma Chemical Co.), epicortisol, and estradiol (Mann Research Laboratories) were prepared in absolute ethanol. The control cultures were incubated in Eagle's medium containing amounts of ethanol equivalent to those in the hormone-treated cultures.
RESULTS
The effect of dexamethasone, a synthetic glucocorticoid, on the multiplication of polyoma virus in mouse-embryo fibroblasts was studied. The infected cultures were treated with various concentrations of the steroid and the rate of plaque appearance was determined. No plaques could be detected in uninfected steroid-treated cultures in these and subsequent experiments. The results ( Fig. 1) show that a dexamethasone concentration as low as 1 nM stimulated plaque formation. At higher dexamethasone concentrations, this effect was magnified, reaching, by day 14, a 9-fold increase in plaque formation at a dexamethasone concentration of 100 nM, as compared to the untreated cultures. The data also show that in the dexamethasone-treated cultures, the plaques appeared earlier, and that the time required for plaque appearance was correlated with glucocorticoid concentration, with the shorter lag period in cultures treated with the higher steroid concentrations.
To determine whether the effect of dexamethasone was due to its glucocorticoid activity, an experiment comparing various steroid hormones was performed ( The experiment was performed as in Fig. 1 . The plaques were scored at day 10 after infection. The cells used for Exp. 1 were subcultured once from mouse-embryo explants (secondary cultures), while those used in Exp. 2 were subcultured twice (tertiary cultures). The effect of various dexamethasone concentrations on plaque formation. 2-Day-old tertiary mouse-embryo fibroblast cultures were incubated with the indicated concentration of dexamethasone for 1 hr. After they were washed with Eagle's medium containing the hormone at the indicated concentrations, the cultures were inoculated with polyoma virus in 0.2 ml of this medium. All the plates were infected with identical virus concentrations. After 3 hr of adsorption at 370, the plates were overlaid with 8 ml of 0.9% agar-Eagle's medium-10% horse serum. The hormone at the indicated concentration was added to both the virus and the agar overlay solutions. 7 Days after infection, the plates were refed with 2 ml of the above agarnutritional medium, which contained neutral red dye (1, 2). sol, epicortisol, was without effect, as were the female hormones estradiol and progesterone. In fact, when progesterone, which has antiglucocorticoid activity (3), was added simultaneously with dexamethasone to the infected cultures, there was about 40% inhibition of the stimulatory action of dexamethasone.
Glucocorticoids and Virus Growth
The enhancement of polyoma-virus plaque formation was not restricted to mouse-embryo fibroblasts since, as shown in Table 1 , corticosteroids also stimulate plaque formation in the established mouse fibroblast 3T3 line. Furthermore, the steroid specificity in this line is identical to that seen in mouse-embryo fibroblasts.
DISCUSSION
The experiments described above indicate quite clearly that physiological concentrations of the glucocorticoid hormones enhance the production of polyoma virus grown on mouse cells. In these studies the number of plaques-produced per plate of infected cells was the only parameter of viral multiplication measured. In addition, however, individual plaques appeared earlier and were larger in hormone-treated cells, as compared with untreated controls. These data suggest that the glucocorticoids enhance virus multiplication, although further work is required to confirm this conclusion.
The phases in the cell-virus interaction that are under hormonal control cannot, of course, be determined by experiments such as those described here. Neither do our studies indicate whether the primary site of hormone action lies in the virus or its host cell. These problems are now under investigation.
The initial steps in steroid action involve the association of the hormone with high-affinity, specific cytoplasmic receptors (4). Receptors for the glucocorticoids are present in many fetal and adult mammalian tissues (Ballard, Baxter, Higgins, Rousseau, and Tomkins, submitted for publication to Science), as well as several lines of cultured cells (5) (6) (7) (8) , including mouse 3T3 cells (Rousseau and Morhenn, unpublished). In glucocorticoid-sensitive systems the binding of biologically active steroids alters the properties of the receptors, causing binding of the receptor-steroid complex to DNA-containing nuclear sites (6, 9) . The latter interaction influences gene expression to favor the accumulation of certain mRNAs (10) . Some steroids, such as progesterone, act as hormone antagonists by competing for cytoplasmic receptor sites and preventing the changes in the receptor required for nuclear binding.
The data on the steroid specificity of the effect reported here, together with the indication that progesterone inhibits the action of dexamethasone, suggest that the hormonal enhancement of polyoma replication, like hormonal enzyme induction, involves specific cytoplasmic receptors. 
